Results: Under the conditions tested, phage T7 displayed the highest virulence, followed by phage 47 T4 and, finally, phage T5. The impact of parameters such as temperature and medium composition 48 on virulence was shown for each phage. The use of the method to evaluate the virulence of 49 combinations of phages -e.g. for cocktail formulation -is also shown with phages T5 and T7. 50
Introduction 56
Despite the significant impact bacteriophages (phages) have had in understanding genetic and 57 gene regulation 1 , and the enormous estimated number of phages present on this planet 2 , a relatively 58 small number of phage species have been identified and fewer have been fully characterized. But this 59 is rapidly changing. Initiatives have been launched to both isolate new phage species and annotate the 60 staggering amount of genomic data collected in the growing number of screening and 61 characterization studies (the PhAnToMe project, the Marine Phage Sequencing Project, and 3,4 are 62 just some examples). There are also numerous ongoing efforts to identify phages suitable for phage 63 therapy 5-8 , biocontrol 9,10 , prevention of biofilms [11] [12] , detection and diagnostics [13] [14] [15] , and as active or 64 structural elements in biomaterials. 16, 17 With the rapidly growing number of applications comes an 65 increasing need for the manufacture of phages and phage products, and by extension approaches and 66 methods to reliably assess their efficacy and quality. As the efficacy of phage products relies on the 67 phage properties, in many ways assessment of quality is tied to phage characterization. 68
Several standardized growth-associated parameters are used to characterize phages. These 69 include burst size (virus particles produced per infection), eclipse period (period from infection to the 70 production of the first viable intracellular phage virion), latent period (period from infection to cell 71 lysis), adsorption rate, adsorption efficiency, and overall growth rate or 'phage fitness,' to name a 72 few. Together, these parameters all contribute to phage virulence, "the killing ability of the phage", 73 but there is no standardized way to report, or even a clear definition of, phage virulence itself. 74
In epidemiology, a common measurement of virulence is the reproduction number (! ! ) -75 defined as the average number of additional hosts that the virus will spread to after infecting a single 76 host 18 . An equivalent measurement is not applicable to the virulent phage life cycle. The number of 77 phage progeny released per infected cell is given by the burst size; when replicating in a healthy, 78 densely growing bacterial culture, the ! ! of a phage is essentially equal to its burst size. However, 79 burst size alone is not a proper indicator of phage virulence. For example, in a study of the efficacy 80 of phage therapy, virulence was found to be an increasing function of both adsorption rate and burst 81 size. 19 In fact, even more parameters are needed to fully quantify virulence; these include, amongst 82 others, the latent period, adsorption efficiency, and host cell growth rate. 20 In this context, virulence 83 can be defined as the ability of a phage to kill or damage a host population. 21 In one study, four isolated phages specific to Escherichia coli O157:H7 were screened against 102
hundreds of E. coli strains to gather host range and susceptibility data. 24 The protocol consisted of 103 performing bacterial infections in 220-µl volumes using 96-well plates. Bacterial cultures at the same 104 optical density were inoculated with phages at initial Multiplicities of Infection (MOIs) ranging from 105 10 -6 to 10 2 . Plates were incubated at 37°C for 5 hours and then visually observed for signs of cell 106 lysis. Host cell susceptibility was then categorized based on the minimum MOI required to obtain a 107 culture-wide lysis by visual inspection. This approach offers many improvements over the current 108 mix of non-standardized protocols adopted by different researchers. But it has shortcomings. Firstly, 109 it relies on visual inspection rather than a measureable property. Secondly, it fails to capture the 110 dynamics of infection, instead relying on endpoint measurements, which can be misleading. Thirdly, 111 it defines lytic capability in terms of susceptibility of the host rather than the phage. 112
Another study introduced the concept of comparing the areas under bacterial infection curves to 113 non-infected bacterial growth curves was introduced as a means of evaluating the conditions at which 114 a phage or a combination of two phages was most efficient at killing its host (infective). 35 Recently, 115
Xie et al. 36 built on this concept to demonstrate how bacterial reduction curves performed in 116 microplates can be used for the high throughput evaluation of host range and phage infectivity. In the 117 study, the authors demonstrated how the comparison of the areas under the curves could be used to 118 semi-quantify the efficacy of a phage against a given host or a range of hosts. 119
In the present study, we detail a method to measure phage virulence that overcomes the 120 shortcomings faced by traditional methods. We build on the premise that comparisons between 121 infected and non-infected bacterial cultures can be used to quantitatively assess the virulence of a 122 phage or phage mixture -as demonstrated in 35, 36 . This method generates a Virulence Index (V P ) for a 123 phage infecting a specific host strain under a given set of environmental conditions. The present 124 study, which compares the virulence of phages T4, T5 and T7 under various conditions, shows the 125 Virulence Index can be used to easily compare and quantify the virulence of diverse phages. 
Bacterial Reduction Experiments 145
Overnight cultures (100 µl) were used to inoculate 10 ml of fresh medium in an Erlenmeyer 146 flask, incubated at 37°C and 150 rpm. These cultures were allowed to grow beyond the starting 147 bacterial concentration used for the bacterial reduction experiments (10 8 cfu/ml). All bacterial 148 reduction curves were generated using 96-well plates with 300-µl well volumes. Phage stocks were 149 serially diluted from a concentration of 10 8 pfu/ml to 10 pfu/ml in 200-µl volumes. Plates were 150 incubated at 37°C for 30 minutes prior to inoculation to ensure stable temperatures. Cell 151 concentrations were adjusted to 10 8 cfu/ml for every experiment, unless otherwise indicated, yielding 152
MOIs ranging from 10 -7 to 1. In this report, MOI refers to the initial MOI at the initiation of phage 153 infection. Considering that the working volume used to generate the reduction curves was 250 µL, 154
MOIs lower than 10 -7 were not tested since, on average, they would have less than 1 phage per 155 culture. A layout of the microplate used for high throughput evaluation of virulence can be seen in 156 Fig. 1A . Four wells of phage-free bacterial cultures were included on every plate as control 157 experiments, in addition to four media-blanks for reference. Experiments were run with all phage 158 samples growing in parallel in a final volume of 250 µl. Since phages are serially diluted to obtain 159 different MOIs, this set-up can be completed rapidly with a multichannel pipetter. Optical density 160 was measured at 630 nm with a Bio-Tek ELx800 Universal Microplate Reader and the data was 161 recorded using KCJunior software. Optical density measurements were taken immediately after 162 inoculation and then at regular intervals afterwards. Between samples, the plates were covered and 163 placed in an incubator shaker at 150 rpm at the specified experimental temperature (continuous 164 incubation and readings in an incubating plate-reader is also possible, even recommended when 165 available). Measurements were taken until the control cultures reached stationary phase. Once all 166 data was collected, areas underneath the optical density vs. time curves were calculated using the 167 trapezoid rule for each well, from the time of infection to the time corresponding to the onset of 168 stationary phase in the phage-free control. 169
Evaluation of Phage Cocktails 170
The virulence of two combinations of phages T5 and T7 (at proportional T5:T7 ratios of 1:1 and 3:1) 171 was also assessed using the same procedure as described above, with the particularity that the MOI 172 reported was the combined MOI of both phages. For example, when the ratio of 1:1 was tested, 0. 173 5×10 8 pfu/ml of phage T5 and 0.5×10 8 pfu/ml of phage T7 were used to make a total combined titer 174 of 1×10 8 pfu/ml, for an MOI of 1. Similarly, for the 3:1 ratio, 0.75×10 8 pfu/ml of phage T5 and 175 0.25×10 8 pfu/ml of phage T7 were used for a total combined titer of 1×10 8 pfu/ml. The use of the 176 combined MOI is important for the assessment of virulence in comparison to results with single 177 phages; this allows the rapid identification of synergistic or inhibitory effects between phages. In 178 these tests, the microplate layout described in Fig. 1A 
Virulence Protocol and Nomenclature 191
The virulence measurements presented herein build on the premise of bacterial reduction 192 curves. A set of bacterial reduction curves -performed as described in the section above -for T4 193 infecting E. coli ATCC 11303 in TSB at 37°C is shown in Fig. 1B . The phage-free control exhibits a 194 classic growth pattern. As can be seen in the other curves found in Fig. 1B , the presence of the phage 195 can significantly reduce the presence of bacteria. By comparing the bacterial reduction curves to the 196 control, we can quantify the reduction due to the killing or damaging of the host by the phage. This is 197 done by comparing the integrated area of a bacterial reduction curve (! ! , where ! is the MOI) to the 198 integrated area of the phage-free control (! ! ) as shown in Fig. 1C for the MOI 10 -3 . These areas are 199 calculated from the onset of infection (time 0) to the time of the onset of the stationary phase in the 200 phage-free control (indicated by the vertical dashed grey line near 3h in Fig. 1C ). It is important to 201 stress how the establishment of the limit of integration plays a significant role in the assessment of 202
virulence. This limit should be set as the onset of stationary phase in the phage-free control (at 3h in 203 Fig. 1C ). This provides a consistent reference for integration that can be easily identified for any 204 phage-host system and restricts measurements to the period of cell growth -a necessary condition for 205 productive infection for many phages. 37 Moreover, it ensures that the range of the virulence 206 measurements is well distributed no virulence and maximum virulence, as discussed below. In 207 general, we recommend establishing the limit of integration at the time when the slope of OD 600 over 208 time reaches ≤ 0.03 h -1 . 209
Using the two areas calculate for the free-phage control (A o ) and the culture infected at a given 210 MOI (A i ), a local virulence (! ! ), capturing the dynamics of phage infection, can be calculated for that 211 specific MOI under a given set of conditions: 212
where ! ! reports the killing or damaging ability of the phage at a given MOI. The more virulent a 214 phage, the faster it kills a large number of bacteria (or prevents them from growing), and the greater 215 ! ! . Local virulence is measured on a scale from 0 to 1, where 0 represents the absence of virulence 216 and 1 represents maximum theoretical virulence -instantaneous cell death. While this theoretical 217 maximum is unlikely to be observed in the laboratory, a ! ! over 0.90 is readily achievable with the 218 appropriately lytic phage-host system. 219
Additionally, a virulence curve (Fig. 1E) Fig. 1D ). This provides a powerful tool in characterizing a phage against a 223 specific host over a large range of MOIs. Generally, the earlier ! ! approaches 1 on the virulence 224 curve, the more virulent the phage. Two important values can be gathered from such virulence curves 225 to quantify phage virulence: the Virulence Index (! ! , where ! refers to the phage species) and MV 50 226
(MOI required to produce a local virulence of 0.5). 227
The Virulence Index is defined as the area under the virulence curve (! ! ) divided by the 228 theoretical maximum area under the virulence curve (! !"# ): 229
where ! ! is determined by integrating the virulence curve according to: 231
232
Note that log MOI is used in the integration in order to give equal weighting to each ! ! when 233 calculating the Virulence Index. The value for ! !"# is determined by Eq. 3 under the special 234 condition that ! ! = 1 for all MOIs. In this study, ! !"# = 7 for all conditions tested, since the range 235 of MOIs investigated goes from log MOI = -7 to log MOI = 0. 236
Similarly to the local virulence, the Virulence Index is normalized such that the theoretical 237 maximum is 1. To reach this value, instantaneous lysis of the entire bacterial culture for all MOIs 238 tested would be required, a physical impossibility. In this study, the highest Virulence Index 239 observed was 0.84. A Virulence Index of 0 signifies the complete absence of virulence over the range 240 of MOIs tested. 241
From the data shown in Fig. 1D (phage T4 in TSB at 37°C) a Virulence Index of 0.6 was 242 obtained. It was calculated as follows (integrations calculated using the trapezoid rule): 243
244
245
The final quantitative parameter given by the virulence curve is MV 50 , an analog to ID 50 246 (infective dose for 50% of subjects) used in toxicology. 38 It is defined as follows: 247
248
The MV 50 is the MOI for which the local virulence ! ! is equal to 0.5; the MOI at which the 249 phage achieves 50% of the maximum theoretical virulence. This provides another tool for comparing 250 phage virulence. The lower the MV 50 , the more virulent the phage. The MV 50 can be found through 251 inspection of the virulence curve. As an example, the MV 50 for phage T4 at 37°C in TSB obtained 252 from Fig. 1D is: 253
Note that the MV 50 should be reported to only one significant figure due to the intrinsic error in the 255 virulence curve. This measure is meant as a means of comparison of the order of magnitude of 256 virulence. 257
Comparison of Virulence 258
Bacterial reduction curves and their corresponding virulence curves are shown for phages T5 259 ( Fig. 2A and 2B ) and T7 ( Fig. 2C and 2D ) in TSB at 37°C. 260
Phage T5 was the least virulent phage studied (Fig. 2B) . In contrast to the bacterial reduction 261 curves exhibited by phage T4 (Fig. 1D ) and phage T7 (Fig. 2D) , phage T5 only began to show 262 measurable virulence at MOIs ≥ 10 -2 . For all MOIs below this threshold, the values of local 263 virulence observed were 0 ( Fig. 2A) . Although being noticeable only from an MOI of 10 -2 , the local 264 virulence increased rapidly, peaking at 0.8 at an MOI of 1. Accordingly, the Virulence Index 265 measured for T5 under the conditions tested was ! !! 37℃, !"# = 0.17. 266
Phage T7 was the most virulent phage tested under these conditions and yielded a Virulence 267 Index of 0.84 (from Fig. 2D ). The remarkably virulent nature of this phage is observed qualitatively 268 in the bacterial reduction curves (Fig. 2C) . At MOIs ranging from 1 to 10 -3 , culture-wide lysis was 269 achieved within 1 h. Even at the lowest MOI tested (10 -7 ) culture-wide lysis was observed after 2.5 h; 270 whereas the phage-free control grew to stationary phase in 3 h (Fig. 2C) . 271
While the virulence curves can be used to quickly and effectively compare different phages, 272 mutants or progeny, they also provide excellent visual tools for analysis and comparison of how a 273 phage behaves under a set of conditions. For example, Fig. 3 compares the virulence curves for 274 phages T4, T5, and T7 in different environmental conditions. It is clear from these curves that 275 temperature (Fig. 3A vs. 3B) and media composition (Fig. 3B vs. 3C ) significantly impact phage 276 virulence. Importantly, the same range of MOIs must be used when comparing virulence across 277 different phage species or conditions. If virulence measurements were limited to MOIs ranging from 278 10 -2 to 1, inspection of Fig. 3C would lead one to conclude that phages T4 and T7 have very similar 279 behaviours. However, inspection of the entire experimental range demonstrates significant 280 differences in the virulence between these phages. 281 
Evaluation of combinations of phages 296
Similarly, the virulence curves for the mixtures of phages T5 and T7 provide information on 297 the performance of combinations of phages or of phage cocktails. As can be observed in Figure 4 , the 298 reduction curves of the combinations of phages (ratios of phage T5 to T7 of 1:1 and 3:1) demonstrate 299 a killing potential between those of the single phages, with the 1:1 ratio showing more virulence. 300
This is also observed in the resulting values of virulence index (0.81 and 0.72, respectively) and 301 MV 50 (5×10 -6 and 1×10 -6 , respectively). It is interesting to note that the Virulence Indexes obtained 302
are not proportional to the relative initial abundance of each phage in the cocktail. This is consistent 303 with the fact that, in the absence of interference or inhibition between them, the contributions of 304 individual phages in a cocktail depend on their individual infection kinetic parameters. 305
306

Discussion 307
Unlike most other biologics, phages are intrinsically dynamic in nature, be it through mutations 308 39-43 or phenotypic traits. [43] [44] [45] [46] In addition, infections are influenced by many factors, some correlated, 309 others orthogonal, but all affecting infection dynamics. The evaluation of single parameters (e.g. titer, 310 burst size, efficacy of plating, etc.) is not sufficient. Generally, individual phage characteristics are 311 measured and discussed in relation to how they affect virulence. 19, 40, 47 For example, faster adsorption 312 rates, larger burst sizes, and shorter latent periods are all conditions observed to increase phage 313 virulence. But there is no current way of relating these parameters or weighing their individual or 314 combined input towards an overall phage virulence. Hence, the characterization of phages, the 315 evaluation of their efficacy and quality control through the manufacturing process all require a 316 different approach, one that encompasses the effects of all factors influencing virulence. 317
As mentioned above, researchers have been using qualitative observations of bacterial 318 reduction curves to describe phage virulence for many years. In fact, groups have proposed a cell 319 susceptibility scale based on visual observations of the bacterial reduction curve 24 and a primary 320 comparison of the area under reduction curves. 35, 36 The Virulence Index and MV 50 measurements 321 forego these limitations and enable direct, quantitative comparisons of phage virulence, 322 compounding all the parameters affecting it. 323
The local virulence and Virulence Index are valuable tools for screening new phage isolates 324 and comparing phages for specific applications. Consider the case of the bacterial reduction curve for 325 phage T7 at an MOI of 10 -7 (Fig. 2C) . It achieved a local virulence value of ! !" !! = 0.62, and 326 complete lysis of the culture occurred within 2 hours; astonishingly fast considering such a low MOI. 327
In fact, the virulence curve (Fig. 2D ) begins at this value and increases steadily before stabilizing 328 above 0.9 for MOIs ≥ 10 -3 . Therefore, for T7, the MV 50 is less than 10 -7 . In contrast, for phage T5 329 under the same conditions, the MV 50 was 10 -1 -over 6 orders of magnitude larger than for phage T7. 330
In order to achieve the same lytic capability as one phage T7 Yet, T7, which has even lower adsorption efficiency, is extremely virulent. In this case, the latent 360 period and/or burst size may be the deciding factors. While not measured in these experiments, T7 is 361 reported to exhibit latent periods of less than 20 minutes while T5's latent period can exceed 40 362 minutes. 50 Note that the relative importance of each of these parameters in determining virulence may 363 also be influenced by the bacterial cell density. The virulence curve can be used in conjunction with 364 traditional measurements of phage growth kinetics to determine the contribution each phage growth 365 parameter has on overall phage virulence. 366
In addition, as highlighted by many studies [51] [52] [53] [54] , the formulation of phage cocktails is crucial 367 to the success of many phage-based treatments and technologies. Considering most cocktails are 368 composed of more than two phages, proper optimization studies require testing vast numbers of 369 possible formulations, which can be difficult and time-consuming. Hence, it would be most practical 370 to perform a large number of comparisons at a given MOI on a single multi-plate; essentially 371
comparing the values of local virulence (v I ) for various combinations of phages. In this case, the 372 whole multi-plate layout could be modified to have various formulations all at the same MOI (rather 373 than the range of MOIs described and shown in Fig. 1 ). On the other hand, the Virulence Index and 374 the shape of the virulence curve (Fig. 4) 
